The magnetic state of low temperature martensite phase in Co-substituted Ni-Mn-Sn-based show presence of nanometre-sized clusters but they are found to grow in size from 3 nm at 30 K to 11 nm at 300 K, and do not correlate with magnetism in these alloys.
INTRODUCTION
Ni-Mn-Sn-based Heusler alloys and its Co-doped variants belong to a set of new Ga-free FSMAs that are known for their inverse magnetocaloric effect and have attracted attention of a large number of researchers in recent times due to fundamental interest and their strong application potential in magnetic refrigerator, sensors, actuators and energy conversion devices [1] [2] [3] [4] [5] . The strong magneto-structural coupling near martensitic transformation (MT) results in multifunctional properties like giant magnetocaloric effect (GMCE) and giant magneto resistance (GMR) in these materials [6] [7] [8] . In addition, these alloys show several novel magneto-structural phenomena such as, magnetic field induced reverse transformation (MFIRT), sometimes termed as meta-magnetic transformation [9] [10] and kinetic arrest (KA) effect [11] [12] . Magnetic field induced large change in magnetization from austenite phase with higher saturation magnetization to martensite with lower magnetization during transformation determines the extent of multifunctional effects in these alloys [13] [14] .
Substitution of Ni by Co began with the effort to minimize hysteresis in these alloys. Starting from full Heusler Ni2MnSn alloy, Co-substitution for Ni site in Ni50-xCoxMn25+ySn25-y alloys by Srivastava et al [15] resulted in an austenite phase with very large saturation magnetization (1170 emu/cm 3 ) with low magneto-crystalline anisotropy and a non-ferromagnetic martensite phase with very low thermal hysteresis (6 K) for the alloy with composition of Ni45Co5Mn40Sn10. In addition, Co substitution enhanced MT temperature to 410 K, which was well above room temperature. This combination of properties is particularly promising for applications. Following this, a seminal work on Co-doped Ni-Mn-Sn alloys was carried out by Cong et al [13] , where a magnetic phase diagram was constructed in Ni50-xCoxMn25+ySn25-y. It was shown that magnetism changed rapidly from a combination of paramagnetic austenite and anti-ferromagnetic (AF) martensite (x < 5) to a situation where austenite was ferromagnetic versus T data, occurrence of exchange bias, frequency dependency of AC susceptibility peak, suggest that FM and AF exchange interactions are in strong competition. This leads to many possible magnetic ground state structures that involve spin clusters, like superparamagnetism Ni50Mn36Co4Sn10 alloys [25] . CSG has been probed for Ni50Mn34.8In15.2, Ni50Mn38.5Sn11.5 alloys by Umetsu et al [23] , for Ni50Mn38Ga12Sbx (x= 3, 4, 5, 6) by Tian et al [21] and for Ni50Mn34Sn6Al10 alloy by Agarwal et al [26] . A transition from SPM state to SSG has been reported by Cong et al in a Co-doped quaternary Ni-Mn-Sn alloy [13] . In another similar work, important to eliminate the possibility of occurrence of nanometric structural clusters during such SANS analysis; (ii) it is prudent to combine SANS analysis with AC susceptibility measurement in order to conclusively identify the nature of the clusters.
In view of this, the current study focuses on a deeper understanding of magnetic correlations in low temperature martensite phase of Co-substituted Ni-Mn-Sn system, mainly
Ni45Co5Mn38Sn12 and for the sake of parity Ni44Co6Mn40Sn10, using a combination of complimentary techniques like SANS and temperature dependent detailed magnetometry including AC susceptibility. We have used neutron diffraction and transmission electron microscopy for structural analysis, and differential scanning calorimetry to determine the transformation temperatures. Interestingly and contrary to earlier reports, we find no experimental evidence for spin clusters in our study. Even though SANS analysis clearly detects nanometric-clusters in Ni45Co5Mn38Sn12 alloy, they turn out to be structural in nature.
Concurrent AC susceptibility experiment helps ascertain this. Thus, no evidence for any other effect like SG or SPM is present in this alloy. Temperature dependent AC susceptibility reveals long range AF ordering in the low-temperature martensite of Ni45Co5Mn38Sn12, whereas SSG state is found in case of Ni44Co6Mn40Sn10, which is also at variance with the earlier report.
EXPERIMENTAL
The buttons with nominal compositions of Ni45Co5Mn38Sn12 and Ni44Co6Mn40Sn10 were prepared by vacuum arc melting high purity (99.99 %) elements in appropriate proportions.
Homogeneity was ascertained by re-melting the alloys multiple times. The buttons were sealed in a quartz ampoule filled with helium gas, solutionized at 1123 K for 24 h, and quenched in ice water. Detailed characterization of these alloys was carried out using scanning & transmission electron microscopy (SEM & TEM), energy dispersive x-ray spectroscopy (EDS),
x-ray diffraction (XRD), neutron diffraction (ND), differential scanning calorimetry (DSC), DC magnetization, AC susceptibility and SANS techniques. Samples for metallography were etched using an aqueous solution of FeCl3 in HCl. XRD experiments were carried out for both bulk and powder samples using a Cu Kα radiation. ND experiments were carried out using a focusing crystal diffractometer at Dhruva reactor, BARC, India at 1.48 Å wavelength of neutron beam. Specimens for TEM were prepared by slicing discs from an electro-discharge machined cylindrical rod of 3 mm diameter, followed by grinding and jet polishing with a Struers Tenupol-5 at 233 K, using a 10 vol.% perchloric acid in methanol electrolyte. TEM was performed employing a JEOL 2000FX microscope at 200 keV. Isochronous DSC experiments were performed using a Mettler-Toledo calorimeter at a rate of 10 K/min in argon atmosphere. Magnetometry was carried out using a commercial 9 Tesla PPMS-VSM (by Quantum Design). SANS experiments were performed at the D11 SANS facility at the Institute Laue-Langevin (ILL), Grenoble, France. For the in-situ SANS measurement, an assolutionized sample was installed on an Orange cryostat. In-situ experiment was performed at several key transformation temperatures starting from 30 K to 300 K. The incident beam was collimated by a rectangular aperture of 10 mm x 7 mm and another Cd aperture, 5.5 mm in diameter, was mounted in front of each sample to define the illuminated area. An incident beam with wavelength λ = 6 Å (spread in wavelength: 10% of full width at half maximum) was used.
The accessible wave-vector transfer q covers the range 0.002 to 0.125Å -1 , after combining data from two different sample-to-detector distances (1.3 and 8.0 m). Raw data were corrected for background, transmission and electronic noise, and converted to absolute macroscopic differential scattering cross sections.
RESULTS

Ni45Co5Mn38Sn12 alloy:
Microstructure:
A two-phase microstructure is observed in as-solutionized condition for Ni45Co5Mn38Sn12 alloy as shown in a representative SEM image in figure 1 . Typical grain size is around 400 μm. The microstructure at room temperature comprises mainly austenite matrix and some fraction of martensite. This is expected because martensite start temperature is below but close to room temperature. The inset of figure 1 shows the representative SEM image for the zoomed portion of the twinned martensite region. We note that the peak in ZFC is at ~ 165 K compared to the one at ~175 K in χ. This difference is not unusual if we consider the following: (i) ZFC is measured in 100 Oe DC field (HDC)
whereas χ in 7 Oe ac field and HDC = 0; and (ii) with increasing DC fields the ZFC peak progressively shifts to lower temperatures. The peak at Tf in χ versus T curve would be quite sensitive to the frequency of applied ac driving field. Both for SG and SPM systems, this peak at Tf is expected to shift towards higher temperatures and the peak height is expected to decline with increasing frequency. The extent of peak shift with frequency is different for SG and SPM systems and can be quantitatively analyzed in terms of the following expression [46] [47] :
where, Φ, sometimes termed as Mydosh parameter, represents the relative shift of Tf per decade of frequency change. The value of Φ decreases with increase in inter-particle interaction strength. Such an analysis results value of Φ= 0.0017 for the Ni45Co5Mn38Sn12 alloys which is neither in agreement with that of the SG system (Φ ~ 0.005 to 0.01) [31, 47] nor with non-interacting ideal SPM systems (Φ~ 0.1) [32, 48] . SG systems are further classified into CSG and SSG based onΦ value as well. For a CSG system the value of Φ is 0.01 [49] while for conventional SSG it is 0.001 [50] . For a well-ordered FM or AF system the value is almost zero [49] . Therefore, it is evident that the alloy Ni45Co5Mn38Sn12 lies in the borderline of SSG and long range AF/FM ordered ground state, hence, required further test.
The frequency dependence of the glassy systems should also follow conventional power-law divergence by critical slowing down (CSD) model [48, 51] :
where τ is relaxation time corresponding to the measured frequency (τ = 1/f), τ0 is single spin flip relaxation time, Tf is the freezing temperature corresponding to zero frequency (f = 0) and zν is the dynamic critical exponent. The parameters were obtained from the best fit of experimental data using equation (2), depicted as ln(f) versus 1/(Tf-T0) plot as shown in figure   7 (b). The estimated value of zν turns out to be 249.7 and τ0 ≈ 8.34×10 -43 s. The value of zν is unrealistically large (for spin glass system 2 < zν <10) whereas τ0 is abnormally small (for spin glass system, 10 -7 < τ0 < 10 -14 s) [31-32].
Another dynamical law to characterize weakly interacting glassy systems is the Vogel-Fulcher (V-F) law [48, [52] [53] ]:
where ω (= 2πf) is the measurement angular frequency, ω0 is the characteristic frequency of the spin glass, Ea is the activation energy of the spin glass, KB is the Boltzmann constant, and 
where 0 is the attempt time with typical value of 10 -9 -10 -10 s [51] and Ea is the anisotropy energy barrier. An attempt was made to fit the experimental data using equation (4) Table III .
Small-Angle Neutron Scattering:
In this experiment, total scattering cross-section was measured as a function of scattering wave vector, q, at five specific temperatures (30 K to 300 K), representative of the various important temperature regimes of phase transformation. The data were taken in zero applied magnetic field, starting from 30 K, in the heating mode. The scattering was isotropic in the scattering plane and the 2D scattering data were radially averaged to obtain 1D scattering cross section (Intensity, I) versus q.
A close inspection of the scattering data at 30 K, as shown in figure 8(a) , reveals that there are essentially three contributions to the scattering. At low q (below about 0.006 Å −1 ), the data are well described by a straight line in double logarithmic representation, indicating power-law of scattering. While in the high q region of above about 0.006 Å −1 , the scattering data could not be described by simple Porod's power law scattering, but can be fitted with Lorentzian function. In addition, and most interestingly, a peak appears at q value around 0.05 Å −1 , which contains wealth of information about the formation of nano-clusters. The peak can be fitted as a Gaussian function. The overall scattering intensity is described as [29] :
where the first term on the right hand side of equation (5) Now, coming to Porod's power law of scattering, i.e., first in equation (5), (dΣ/dΩ)P is a constant that gives the strength of the Porod's contribution and n is an exponent that provides information about the nature of the scattering centres. The first term in equation (5) is valid in the limit q « 2π/d, where d is the size of the scattering object. For 30 K data in our case, n was found to be 4.18, which suggests scattering from an assembly of three-dimensional (3D) objects with "smooth" surfaces. As temperature is increased, value of n increases slightly until the martensitic transition region is reached, where n value shoots up to 5.6. As encountered previously in a wide variety of materials, we interpret this as scattering from grains and grain boundaries. The adherence to this form down to q = 0.002Å −1 indicates that qualitatively these grains are larger than 100 nm in size. These nanometric grains can be magnetic domains. The domain size increases with increase in temperature and it becomes diffuse while reaching 300 K when the alloy is above the As temperature and below the Af temperature. The second term in equation (5) is the Gaussian term, described by qG (position of peak) and , width of peak, associated with size and distribution of nano-cluster while (dΣ/dΩ )G is the strength of Gaussian scattering. The in fact signifies spatial correlation of the clusters. The values of qG decreases with increase in temperature. Similarly, ( ) shows slight decrease in value from 30 K to 150 K and very slow increase till 300 K, demonstrating that spatially clusters correlation does not change with temperature. In other words, the result rules out SG where cooperating spin freezing is essential [56] . The result is in line with detailed magnetization study. The third term in equation (5) is the Lorentzian term. Though the Lorentzian term has slight contribution in intensity, the spin correlation length is too low in the temperature region 30-300 K and it is consistent with earlier report that is significant only above TCA temperature (375 K) [29] . It is now time to look into the most significant part of the scattering data, i.e., the appearance of peak at higher q value: for example, at ~ 0.05Å −1 for the 30 K data. This peak shifts towards lower q with increase in temperature and becomes progressively more prominent. The scattering profiles have been fitted using a model of assemblies of spherical scattering objects.
The scattering intensity can be described by the following equation under local monodisperse approximation (Pedersen et al) [57] :
Here, nt is the number density of the nano-clusters, Δρ 2 is the contrast factor, determined by the difference between the scattering length densities of nano-cluster and matrix. In equation (6), P(q,r) is the single particle form factor, which is a function of the cluster shape and size.
For spherical cluster of radius r, the form factor is given as [58] :
The cluster size distribution is fitted to a log normal distribution [59] :
where, r is the median cluster radius, μ is the standard deviation, N is a normalization factor and σ is the polydispersity.
In the case where the particles are dilute, or for magnetic scattering, if the magnetic anisotropy is randomly oriented [60] , peaks in I(q) versus q plot arise from P(q) and the structure factor can be assumed as unity. No form factor oscillations are observed presumably due to the large polydispersity present in the system. The peak as well as whole scattering data were fitted keeping nt and Δρ (nuclear) constant using equation (6) to estimate the size of the nano-clusters.
The complete scattering data was fitted by considering two kinds of spherical particles: the large one corresponds to magnetic domain that gives rise scattering at low q values and a population of nano-cluster with an associated correlation peak. Using this model, 30 K and 150 K scattering data was fitted while another intermediate particle size needs to be introduced for the satisfying fits of 190 K, 243 K, 280 K and 300 K scattering data. Figure 9 (a) shows the experimental scattering data with the fits using equation (6) . The whole scattering data are divided into three regions. Region-I corresponds to scattering from magnetic domains (50-113 nm) while region-II corresponds to scatterers of 11-13 nm size and region-III for very small clusters (3-4 nm). The scattering objects from regions-II and III are correlated to martensitic transformation because scattering becomes stronger as it approaches martensitic transformation region. The small peak at 30 K develops to a broad peak at 280 K (which is the As temperature) and is most prominent feature at 300 K. This result clearly indicates that the origin of these nanometric structures is related to structural martensitic transformation and these nano-clusters could be untransformed austenite. The size information extracted from the fits for particles associated with scattering from regions-I, II and III are shown in figure 9 (c).
To have the information of the volume fraction (φ) of the associated structural nanometre-sized clusters, integrated intensities were calculated from the I(q)q 2 versus q plot as shown in figure   9 suggests that the clusters grow in size at the expense of smaller clusters with rise in temperature.
Ni44Co6Mn40Sn10 alloy:
Interestingly, the only other SANS study on FSMAs was by Bhatti et al [29] in Ni-Co-Mn-Sn alloys who reported SPM freezing of spin clusters for the compositions: Ni44Co6Mn40Sn10 and Ni42Co8Mn40Sn10. Notwithstanding the difference in interpretation, it is worthwhile to note that there is striking similarities between their SANS results, and what we observe in our experiments. Their scattering data also show a peak interpreted to nanometric clusters and those clusters too grow in size with increasing temperature. However, detailed complimentary magnetometry helps us conclusively decipher the low temperature magnetic order in our alloy Ni45Co5Mn38Sn12, which is having AF ground state, if at all. This obvious contradiction has driven us to re-examine the alloy of their focus namely, Ni44Co6Mn40Sn10, in terms of detailed magnetization investigation.
The first challenge was to experimentally achieve the same composition as Ni44Co6Mn40Sn10. As can be seen from the table 3, the result for Ni44Co6Mn40Sn10 are in well agreement with conventional SSG parameters and thus refuting earlier claim of SPM behavior in this compound.
DISCUSSIONS
Quaternary Ni45Co5Mn38Sn12 alloy presents predominantly austenite matrix with some fraction of martensite at room temperature, as corroborated by SEM and validated by thermal analyses. V-F parameter is also quite small compared to the typical value reported for interacting SSG [47] . The N-A parameter is found to be unrealistically small compared to the typical value for non-interacting SPM system [47] . Table 4 fraction [64] [65] are shown as the origin of spin clusters. However, it is critically important to ensure the true identity of these nanometric clusters in the first place. In case of spin clusters, (i) size should decrease with increasing temperature as temperature is expected to weaken inter-cluster interaction; and (ii) they should cease to exist beyond Tf [30] [31] [32] . But, SANS analysis in our case reveals quite the opposite. Clusters, in our study, show definite growth with increasing temperature. Moreover, they persist way beyond Tf, even beyond As as well. If the clusters are of magnetic origin, they should have shown some significant changes across any of the magnetic transition. On the other hand, they continue to grow well into austenite phase and even beyond TCA. This is true even for Ni44Co6Mn40Sn10 alloy reported by Bhatti et al [29] .
Clearly it is difficult to attribute their origin to magnetic nature from the evidence that is presented so far. In all likelihood, they are of structural nature. One can reasonably assume these nanometric clusters to be untransformed austenite, which is expected to grow in size with . It is also established fact that MT temperature increases with increase in e/a ratio [66-67] for FSMA system. Ni45Co5Mn38Sn12 has higher e/a ratio value than that of Ni44Co6Mn40Sn10 which is also reflected in their comparative MT temperatures.
CONCLUSIONS
The current work delves into the contentious subject of magnetic ordering of the low Comp. 670 281-288. Tables   Table 1. EDX results showing chemical composition of Ni45Co5Mn38Sn12 and Ni44Co6Mn40Sn10 alloys. Table 2 . Martensitic transition temperatures of the alloys obtained from DSC scans. Table 3 . Physical parameters obtained from equations (1)- (4) for Ni45Co5Mn38Sn12 and Ni44Co6Mn40Sn10 alloys. 
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